In acute poisoning by herbicides containing paraquat, or paraquat and diquat, it is possible to infer from the concentration of paraquat in the serum whether the patient will or will not survive, and this is of importance as a basis for deciding what approach to take in emergency treatment. In Japan, the main emergency medical centers where acute poisoning is a specialty have HPLC-photodiode array systems installed for the purpose of toxin analysis. However, in the conventional HPLC method, since it is necessary as a preliminary procedure to extract the paraquat and diquat from serum samples, analysis is time-consuming, and the establishment of a faster analytical technique is a significant step.
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To the knowledge of the authors, a wide variety of methods have been reported for determining the serum level of paraquat or diquat, for example, thin-layer chromatography, 1) spectrochemical analysis, [2] [3] [4] [5] [6] [7] [8] HPLC, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] LC/MS, 11) GC 22) and GC/MS. 23) In 1998, the Japanese Ministry of Health, Labor and Welfare distributed HPLC-photodiode array systems to 73 emergency centers throughout the country in order to facilitate the diagnosis of acute poisoning by drugs and poisons. The application of these HPLC systems was a highly practical step. However, since the task of extraction from samples has to be carried out for the conventional methods reported for HPLC analysis of paraquat, the establishment of a faster technique of analysis would be useful in order to minimize delay in reaching a diagnosis of poisoning by a paraquat preparation.
In the present study, after simply deproteinizing serum samples and introducing them directly to the HPLC column using an ion pair reagent as the mobile phase, we obtained good results with a new method that rapidly isolated and quantitated paraquat and diquat in an ODS column, and we report this and a number of cases in which analysis was actually performed.
MATERIALS AND METHODS

Reagents and Materials
(1,1Ј-ethylene-2,2Ј-bipyridylium dibromide monohydrate) were purchased from Wako Pure Chemicals (Osaka, Japan), and ethyl viologen dibromide (1,1Ј-diethyl-4,4Ј-bipyridinium dibromide) was from Aldrich Chem. Co. (Milwaukee, WI, U.S.A.). These substances were dissolved in distilled water and were used as standard preparations. The ion-pair reagent IPCC-MS3 was purchased from GL Sciences Inc. (Tokyo, Japan). The distilled water was prepared by Wako Pure Chemicals (Osaka, Japan) for HPLC use, the acetone used was of special grade, and was manufactured by the same company, and the acetonitrile was a specially prepared reagent for HPLC produced by Nacalai Tesque, Inc. (Kyoto, Japan).
Biological Specimen Collection Standard human serum for recovery tests was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.), and was stored at Ϫ40°C until the time of analysis. The serum samples were derived from blood samples drawn from four patients poisoned by herbicides containing paraquat who ingested them with the aim of committing suicide and who were treated at the Emergency and Critical Care Center where the authors are employed. The serum samples were analyzed immediately upon acquisition.
Samples and Pretreatment Ten microliters of a 1000 mg/ml aqueous solution of ethyl viologen dibromide, the internal standard, was added to 1.0 ml of serum, and this was followed by the addition of 1.0 ml of acetone. The resulting solution was then mixed thoroughly on a vortex mixer, and separated for 5 min in a centrifuge at 2500 g. After the supernatant fluid obtained was filtered through a filter with a pore size of 0.45 mm (Ekicrodisc, Galman Sciences, Tokyo, Japan), 10 ml of it was introduced into an HPLC. HPLC Conditions A sample that was infused into an HPLC instrument (SCL10A VP; Shimadzu; Kyoto, Japan) adjusted to a flow rate of 1.0 ml/min of the mobile phase of a 0.1% (v/v) aqueous solution of IPCC-MS3/acetonitrile in the ratio 92/8 was separated on an Inertsil ® ODS-3 column (4.6 mmϫ150 mm, 5 mm particle size; GL Sciences Inc., Tokyo, Japan) at a constant temperature of 40°C, and quantitative detection was carried out using a photodiode array detector (SPD-M10A VP Shimadzu; Kyoto, Japan) at a detection wavelength of UV290 nm. Quantitation was then performed by the internal standard method using analysis software (Class VP; Shimadzu, Kyoto, Japan).
Rapid Analysis Method for Paraquat and Diquat in the Serum
Recovery Test Serum solutions (1 ml each) containing both paraquat and diquat at 10.0 or 1.0 mg/ml each were prepared by diluting 10 ml each of paraquat and diquat standard solutions in 980 ml of human standard serum. After internal standard solution was added and deproteinization was performed, the serum mixture was introduced into the HPLC column, and paraquat and diquat levels were measured by the internal standard method. The recovery rate was determined by subtracting the "noise" values obtained for standard human serum used as a "blank," to which no paraquat or diquat had been added, from the values obtained for the patient's serum sample; and then by calculating the ratios between these differences and the respective values determined for the mixed standard solution prepared so as to have a paraquat concentration of 10.0 mg/ml and a diquat concentration of 1.0 mg/ml (nϭ5 for each concentration). Figure 1 presents a chromatogram showing separation on an Inertsil ODS-3 column after the introduction of 10 ml of standard aqueous solution mixed so that the concentrations of paraquat and diquat were 1.0 mg/ml, and that of the internal standard, ethyl viologen dibromide, was 10.0 mg/ml. Figure 2 presents chromatograms resulting from the introduction to the HPLC (a) of 10 ml of the supernatant of a deproteinized sample of standard serum only and (b) of a deproteinized standard serum sample with 1.0 mg/ml each of paraquat and diquat in which ethyl viologen dibromide was added to yield a concentration of 10.0 mg/ml.
RESULTS AND DISCUSSION
HPLC Conditions
In the past, sodium heptane sulfonate, 9, 16, 21) and octane sulfonates 9, 10, 12, 13, 15, [18] [19] [20] have been employed as ion-pair reagents for HPLC methods of determining serum paraquat levels, but pretreatment is necessary to apply these methods. Fuke et al. alone 19) have separated and assessed paraquat, diquat and metabolites of diquat in an ODS column by introducing serum diluted with distilled water directly into an HPLC system in which a mobile phase consisting of 5% acetonitrile containing phosphoric acid (0.2 M), ethylamine (0.1 M), sodium octane sulfonate (7.5 M) was used, but in a later paper, 13) they reassessed their findings, stating that solid-phase extraction is still necessary for the analysis of blood and tissues.
IPCC-MS3, which we used as the mobile phase, has a molecular weight of 214.04, and a boiling point of 120°C, and it is used as the ion-pair reagent with cation-releasing properties. 24, 25) In the present study, by using a 0.1% (v/v) aqueous solution of IPCC-MS3 and acetonitrile as the mobile phase, we were able, without extraction procedures, to achieve good separation of paraquat and diquat from the components of the serum. Preparation of the mobile phase also was very simple, which is a great advantage in a clinical setting.
As for the calibration curves of paraquat and diquat generated at UV 290 nm, regression lines (yϭ0.63xϩ0.0053 and yϭ0.42xϩ0.0067) were obtained, the infused quantity of each substance being in the range 1-100 ng (equivalent to concentrations of 0.1-10.0 mg/ml), and the correlation coefficients were both 0.999. When the signal-to-noise ratio was 5, the detection limit was 500 pg (a concentration of 0.05 mg/ml for both). According to the findings of Proudfoot et al. 26) and of Hart et al., 27) in order to assess whether the patient will survive after poisoning by herbicides containing paraquat, the lower detection limit of the blood concentration of paraquat should be 0.1 mg/ml or less. In the present method, because the samples are diluted by about 1 in 2 by the pretreatment procedure, the above condition is satisfied.
Moreover, the reproducibilities of the values determined for paraquat and diquat when a mixed standard solution con- RSDϭ1.58% and 0.60% (nϭ5), respectively. The respective inter-day reproducibilities were RSDϭ3.40% and 1.12% (nϭ5). Thus, the newly developed method was not only simple but also exhibited a good reproducibility. Recovery Ratio Table 1 shows the results for recoveries calculated from the measured values after the addition of paraquat and diquat to human standard serum to obtain concentrations of 10.0 mg/ml and 1.0 mg/ml, respectively.
In this procedure, the respective mean recoveries for paraquat and diquat after 1.0 mg/ml of each had been added were 87.5% and 89.1%, the respective RSDs being 4.52% and 3.85%. Kudo et al. 9) reported that, on adding paraquat and diquat to serum to yield a concentration of 1.0 mg/ml each, they obtained a recovery of 60%; P. Paixao et al. 12) also reported adding paraquat to serum to give a concentration of 1.0 mg/ml, and thereby achieving a recovery rate of 100.70% and an RSD of 4.36%; while the report of Fuke et al. 13) stated that they added both paraquat and diquat for a concentration of 1.0 mg/ml of each in blood, and obtained respective recoveries of 83.7Ϯ4.8% and 83.8Ϯ4.2%. Many conventional methods yield good recoveries, but the present technique, while demonstrating recoveries over 87% and repeatability with an RSD of 4.52%, requires less than 30 minutes to perform for one analysis, which is clearly superior in terms of speed of execution than conventional methods that use solid-phase extraction, and is thus a useful method of analysis, especially in an emergency clinical setting.
Applications: Serum Analysis in Cases of Poisoning We applied this new method for the analysis of sera from a patient who had actually consumed herbicides containing paraquat. Figure 3 presents an HPLC chromatogram from the analysis of serum collected approximately 4 h after the subject ingested an unknown amount of the herbicide Priglox L ® , which contained 5.0% of paraquat and 7.0% of diquat. It was thus possible with this method to achieve good separation of paraquat and diquat.
Later, in 2003, four individuals fell victim to poisoning due to ingestion of paraquat-containing herbicide and were treated at our poison unit. Their data are listed in Table 2 .
The observed serum paraquat concentration, when fitted to the survival probability curves of Hart et al. 27) , predicted that patients 1, 2 and 4 had survival probabilities of between 50 and 10%, while that of patient 3 was less than 10%. Ultimately, none of the patients survived. However, in both cases 2 and 3, the identity of the poison was not known definitely, but analysis quickly revealed that the patient had been poisoned by a herbicide containing paraquat. In the cases of patients 3 and 4, the amount of poison ingested was not known, but since the concentration of paraquat in the serum of each patient could be quickly determined, it was possible to assess the severity of their conditions.
As a result of new research, effective life-saving measures may be discovered against paraquat poisoning, and diagnoses and assessments of severity based on the present simple, rapid method of analysis will be a major factor in life preservation and the patient's survival. The concentrations of the paraquat and diquat in the serum were calculated to be 3.04 and 3.16 mg/ml, respectively.
